The stability of overdentures is superior to that of conventional complete dentures because of the existence of abutment tooth support. In the present study, overdenture stability, which was evaluated by measuring the dynamics of atmospheric pressure under the overdenture, was better under conditions with abutment tooth support than without it.
Introduction
Overdentures are superior to conventional complete and partial dentures in terms of protecting the residual ridge against the bone resorption caused by tooth extraction and reducing the harmful lateral force to the abutment teeth by improving the crown-root ratio. 1 Regarding these points, we previously reported the results of experimental and clinical investigations. [2] [3] [4] [5] [6] Using an accelerometer, Kobayashi reported that the stabilities of overdentures in contact with abutment teeth were superior to those not in contact with abutment teeth, corresponding to complete dentures. 7 However, an insufficient border seal due to an undercut at the ridge containing the retained teeth is regarded as a disadvantage of using overdentures. 8 On the other hand, there are some reports on the dynamics of atmospheric pressure (DAP) under maxillary complete dentures and the relation- Table 1 ship between atmospheric pressure (AP) and denture retention. [9] [10] [11] We have also reported simulated studies [12] [13] [14] and a clinical study 15 of the relationship between DAP and the stability of maxillary complete dentures, and provided the following consideration. When the denture is seated on the residual ridge, air is enclosed by saliva under the denture 12, 15 and the AP in the space surrounded by the saliva layer can be evaluated using Boyle's law (PV=constant, where P is pressure and V is volume). 12, 15 On the basis of this consideration, the space surrounded by the saliva layer becomes larger when the denture is dislodged in the counter-direction of the ridge mucosa, and conversely becomes smaller when the denture sinks into the ridge mucosa. Accordingly, enlargement of V in the former condition decreases P and reduction of V in the latter condition increases P. The results in the previous study showed that the amount of change of AP under the stable complete denture was smaller than that under the unstable denture. 12, 15 However, we have not found previous reports of DAP measurements under complete overdentures. The purpose of the present study was to compare the respective stabilities of maxillary overdentures with and without abutment tooth support using DAP as an index of denture stability. Table 1 shows the characteristics of the 5 subjects (1 male, 4 females) aged 59-66 years (average: 64 years) who participated in the present study. The subjects were treated at the Kagoshima University Medical and Dental Hospital. They had worn maxillary complete overdentures with satisfactory outcomes and didn't have abnormalities in the oral function. The purpose of the study was explained to the subjects and experiments were only performed after obtaining informed consent. Figure 1 shows a schematic drawing of the method used for measuring and recording DAP according to a previously described method for experimental dentures. 15 DAP was measured using a pressure-measuring device (Digital Manometer 2654; Yokogawa, Tokyo, Japan). The output of the pressure-measuring device was recorded by a pen-type oscillograph (RECTI-HORIZ Type 8K26-1S; Sanei, Tokyo, Japan). Figure 2 shows the procedure used for fabricating experimental dentures for measurement of DAP and preparing the experimental conditions with and without abutment tooth support.
Materials and methods

Subjects
Measuring devices
Fabrication of experimental dentures and preparation of experimental conditions
1) Fabrication of experimental dentures
The dentures used by the 5 subjects were duplicated using a putty type of silicone rubber (Coltoflax, Yoshida, Tokyo, Japan), duplicate flask (Copy Flask HT-Type1, Towa Giken, Osaka, Japan), and cold-cured acrylic resin (Pour resin, Shofu, Kyoto, Japan). The duplicated dentures were indirectly relined after making a dynamic impression for 1 day. Experimental dentures were prepared by using the relined dentures for 1 week. 2) Adjustment of experimental dentures for preparing the experimental condition Table 1 Characteristics of the five subjects. The experimental condition without abutment tooth support was adjusted by relieving the part containing the abutment tooth in the denture (non tooth-supported overdenture). The amount of relief around the abutment tooth was regulated using a round bar with a diameter of 1.0 mm. Lack of contact with the abutment tooth was confirmed using a fitness test material. The non tooth-supported overdentures were used for 1 week.
3) Preparation for measuring DAP
The parts used for DAP measurements and the extraction portion of DAP from the experimental denture were the center of the palatal plate and the mesial region of the central teeth in the anterior tooth arch, respectively. A vinyl tube used for measuring DAP was attached to the non toothsupported overdenture (Fig. 1) . A part leading the vinyl tube out of the mouth was prepared to avoid interruptions by lip movements.
After DAP had been measured and recorded using the non tooth-supported overdenture, the vinyl tube was detached to prepare the condition with abutment tooth support. Escape holes for overflow of the auto-polymerizing resin were created in the part containing the abutment teeth in the non tooth-supported overdenture. The non tooth-supported overdenture was adjusted to be in contact with the abutment teeth using the auto-polymerizing resin under occlusion (tooth-supported overdenture). After re-attachment of the vinyl tube, DAP was measured and recorded in a similar manner to that for the non tooth-supported overdenture on the same day.
Measurements and recording
After attaching one end of the vinyl tube to the experimental dentures (non tooth-supported overdenture and tooth-supported overdenture) for DAP measurements and attaching the other end to the pressure-measuring device, the experimental denture was inserted by the operator. DAP was measured and recorded three times under the determined experimental conditions with and without food in the mouth for both non tooth-supported overdentures and tooth-supported overdentures. Figure 3 and Figure 4 show examples of DAP measurements under the condition with and without food in the mouth when using the non toothsupported overdenture. DAP was altered during the performance of predetermined procedures. AP values higher and lower than 0 Pa were regarded as positive and negative pressure, respectively. The foods used in the present study were peanuts (1 g), raw carrot (1×1×1 cm) and kamaboko (1.5×1.5×1. Figure 4 A B cm). Using a counter, the subjects recorded the frequency of tapping under the condition without food in the mouth and the chewing cycle under the condition with food in the mouth. In Figure 3 , the rectangular waveforms and number of waveforms at the lower row show the tapping action and frequency of the tapping action recorded by the subjects. In Figure 4 , the times of starting to chew the food, the chewing cycle and swallowing the triturated foods were recorded by the subjects using a counter under conditions with food in the mouth. The rectangular waveforms show the chewing cycles. The first cycle and last large cycle show the times of starting to chew the food (CF) and swallowing the food (SF), respectively. After completion of the measurements, the operator removed the experimental denture perpendicularly to the residual ridge.
Data analysis
Analyses of the DAP measurements in the present study were performed according to a previously described analytic method based on AP as an index of complete denture stability. 15 The analytic items under the condition without food in the mouth were the AP variation width ("A" in Fig. 3 ) and the amount of AP reduction ("B" in Fig. 3 ). The reductions in AP at stages V (light mouth opening) and VI (wide mouth opening) were expressed as "B1" and "B2", respectively. "B", composed from "B1" and "B2", was evaluated as the amount of AP reduction, and the mean values were calculated.
The analytic items during chewing food were the total AP variation width and the resultant amount of AP reduction. The total AP variation width was calculated by multiplying the mean value of the AP variation width by the number of variations ("A" in Fig. 4) . The resultant amount of AP reduction indicates the amount of AP reduction from the start of chewing foods to swallowing ("B" in Fig. 4) . The mean values of the total AP variation width and the resultant amount of AP reduction for non tooth-supported overdentures were compared with those for tooth-supported overdentures. The details of the analytic items are explained in the Results section.
The Wilcoxon signed rank test was used for analyses of the AP variation width and the amount of AP reduction for non tooth-supported overdentures and tooth-supported overdentures under the condition without food in the mouth.
Two-way analysis of variance (ANOVA) and Scheffe's multiple comparison test were used for analyses of the difference in the total AP variation width and the resultant amount of AP reduction between non tooth-supported overdentures and tooth-supported overdentures under the condition with food in the mouth. The level of statistical significance was set at P<0.05. The data were analyzed using StatView-J5.0 (SAS Institute Inc., NC, USA).
Results
DAP under the condition without food in the mouth
AP increased immediately after insertion of both experimental dentures (stage I, Fig.3, 5) . At the time of starting strong clenching (stage II), a small reduction in AP followed by immediate recovery was observed when using non tooth-supported overdentures (Fig.3) , but not when using toothsupported overdentures (Fig.5) . The amount of AP was not changed by the transition from strong clenching to light clenching and remained constant until the start of tapping when using both experimental dentures (stage III).
The minute variations in AP observed with tapping action at stage IV are presented as a magnified schematic drawing in Figure 3 . The mean values of the AP variation width for the tooth-supported overdentures were significantly smaller than those for the non tooth-supported overdentures in all subjects ( Table 2) .
The light mouth opening at stage V reduced the positive pressure and turned it into negative pressure when using non tooth-supported overdentures (Fig.3) , but did not change AP when using tooth-supported overdentures (Fig. 5) . The wide mouth opening at stage VI increased the negative pressure when using non tooth-supported overdentures (Fig.3 ) and decreased the positive pressure when using tooth-supported overdentures (Fig. 5) . The values of B1 and B2 for tooth-supported overdentures were significantly smaller than those for non tooth-supported overdentures in all subjects (Tables 3 and 4 ). The use of removal force by the operator increased the negative pressure when using non tooth-supported overdentures and turned the positive pressure into negative pressure when using tooth-supported overdentures, and finally the negative pressures were changed to 0 Pa when using both experimental dentures (stage VII).
The flat portion of the AP at stage VII shows the limit of the recording range of the pressure-measuring device (Fig. 3). 
DAP under the condition with food in the mouth
The arrows labeled ID, CF, SF and RD in Figures  4 and 6 show the times of starting to insert the experimental denture, chewing the food, swallowing the triturated food and removing the experimental denture, respectively.
Positive pressure was generated immediately after insertion of both experimental dentures similar to the DAP measurements under the condition without food in the mouth. However, when the subjects opened their mouth to intake the test food, AP decreased and turned into negative pressure at the initial stage of starting to chew the determined foods. AP decreased with the variations caused by chewing the determined foods.
The mean values of total AP variation width and the resultant amount of AP reduction for toothsupported overdentures were significantly smaller than those for non tooth-supported overdentures, although there were no statistically significant differences between the respective test foods (Tables  5 and 6 ).
Immediately after application of the force to remove the denture, negative pressure rapidly increased and then immediately decreased to 0 Pa when using both experimental dentures. The flat portion of AP in the rapid increase of negative pressure shows the limit of the recording range of the pressure-measuring device. The differences in the limits of the recording range between Figures  3 and 4 arose from differences in the output values between the two pressure-measuring devices used under the conditions with and without food in the mouth.
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Fig. 5 Examples of DAP during predetermined procedures without food in the mouth using a tooth-supported overdenture. Atmospheric pressure (Pa)
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Discussion
Takesako reported the relationship between DAP and the stability of complete dentures and suggested that variation in AP is greater under the unstable denture than the stable denture. 15 Therefore, it is considered that the variations in AP due to tapping actions and food mastication were lower under stable dentures than under unstable dentures. On the basis of this consideration, the results for the AP variation width and total AP variation width in the present study, which were smaller using tooth-supported overdentures than using non tooth-supported overdentures, show that the stability of overdentures is improved when an abutment tooth supports the overdenture compared to the situation without abutment tooth support (Tables 2-6 ). Kobayashi et al. 7 measured the frequencies of vibration and vibration patterns of overdentures during a tapping action using an accelerometer. These measurements were used as parameters for analyzing the stabilities of overdentures. In their report, overdentures with and without the support of the abutment tooth, which were determined by setting and removing the coping, corresponded to the tooth-supported overdentures and non toothsupported overdentures in the present study, respectively. The results of their study revealed that the frequency of vibration was lower and the vibration pattern was simpler with the coping than without the coping. These results, which correspond to the AP variation width and the total AP variation width in the present study, show the importance of abutment tooth support for preventing subsidence of overdentures during oral functions such as tapping and chewing actions.
When using non tooth-supported overdentures, light mouth opening reduced the positive pressure to negative pressure ("B1", stage V in Fig.3 ) and wide mouth opening increased the negative pressure ("B2", stage VI in Fig.3) . Contrastively, when using tooth-supported overdentures, AP reduction only occurred with wide mouth opening under positive pressure (stage VI in Fig.5 ). Takesako 15 considered that the AP reduction observed in his study on complete dentures was caused by the weight of the dentures and the actions of the surrounding tissues in dislodging the dentures from the ridge mucosa. In any case, the results for the amount of AP reduction, which was lower for tooth-supported overdentures than for non toothsupported overdentures, show that overdentures with abutment tooth support are more stable than those without abutment tooth support.
Masticatory movement caused reduction in AP as well as the results of the condition without food in the mouth. However, the aspects of changes in Table 6 Resultant amounts of AP reduction during food mastication (Pa).
Fig. 6
Examples of DAP during masticatory function while chewing different foods using a tooth-supported overdenture. AP caused by the masticatory movements differed from the condition without food in the mouth. The changes of AP produced in each chewing cycle were increased cumulatively. This AP reduction, which was evaluated as the resultant amount of AP reduction, was greater when using non toothsupported overdentures than tooth-supported overdentures. These results show that the movement of overdentures was larger under the condition without abutment tooth support than with abutment tooth support. Using a three-dimensional displacement measuring system, which consisted of a magnetic sensor and an optical fiber sensor, Imai evaluated maxillary complete denture movements during masticatory function. 16 The results showed that maxillary complete dentures dislodged upwards on the working side and downwards on the balancing side during masticatory function. Imai considered that these variations were caused by denture propulsion and insufficient unilateral lever balance. 16 It is considered that non tooth-supported overdenture in the present study correspond to the maxillary complete denture in Imai's report. Therefore, the denture movements observed in Imai's report 16 could more easily occur when using non tooth-supported overdentures than tooth-supported overdentures in the present study. Baba, 17 who studied the effects of disparities in the coping form on vibration as a parameter of the stability of overdentures during tapping actions, showed that greater heights and contact areas of the coping led to increases in overdenture stability. On the other hand, Ueda et al. 4 reported that the displacement of abutment teeth as an index of stress to it was lower for short and dome-shaped copings than for long and square-shaped copings in a simulated study. 4 These results show that the design of the coping form should be determined with consideration of not only the denture stability but also the imposition of the abutment teeth.
In a report by Nagasawa et al. 18 on the role of the periodontal ligament in overdenture treatment, comparisons of masticatory functions between overdentures with abutment tooth support (Ot) and without abutment tooth support (Om) under the same conditions as the present study were performed using a Masticatory Index (MI). The MI was evaluated using the masticatory performance (Manly's method 19 ), total EMG activity, chewing rhythm and chewing cycle. Ot and Om correspond to tooth-supported overdentures and non tooth-supported overdentures in the present Stabilities of Overdentures With and Without Abutment Tooth Support study, respectively. The MI values were higher for Ot than for Om in all subjects. Nagasawa et al. considered that the periodontal ligament played a role in the efficiency of muscular activity during chewing when using Ot. It is suggested that abutment teeth under Ot and tooth-supported overdentures play important roles not only by providing support against the occlusal force but also due to sensory input from the periodontal ligament.
Furthermore, Nagaoka 6 studied the changes in the supporting tissues under overdentures with and without tooth support using dogs, and showed that atrophy of unused periodontal tissue and bone resorption of the residual ridge occurred under the condition without tooth support, corresponding to non tooth-supported overdentures in the present study.
The results of Nagasawa et al. 18 and Nagaoka 6 indicate that tooth-supported overdentures are superior to non tooth-supported overdentures for not only denture stability but also masticatory functions and conservation of supporting tissues such as the periodontium and residual ridge.
Conclusion
The present study was performed to compare the respective stabilities of maxillary overdentures with and without abutment tooth support during oral functions using DAP as an index of denture stability. The following conclusions were obtained. The patterns of DAP using tooth-supported overdentures and non tooth-supported overdentures were similar to each other. The amount of change of DAP was significantly smaller for tooth-supported overdentures than for non tooth-supported overdentures. The results of the present study demonstrate that the stability of tooth-supported overdentures is superior to that of non tooth-supported overdentures.
